Changes in protein methylation, citrullination, and phosphorylation during experimental autoimmune encephalomyelitis, a rodent model of multiple sclerosis, were evaluated using isobaric tags for relative and absolute quantification analysis of peptides produced from normal and diseased rat lumbar spinal cords. We observed alterations in the post-translational modification of key proteins regulating signal transduction and axonal integrity. Dephosphorylation of discrete serine residues within the neurofilament heavy subunit C-terminus was observed. We report for the first time elevated citrullination of Arg27 in glial fibrillary acidic protein, which may contribute to the pathophysiology of astrocytes.
Introduction
Multiple sclerosis is an autoimmune disease characterized by inflammation, demyelination, and axonal degeneration. It is generally believed that damage to both the myelin sheath and the axon is mostly the consequence of immune cell attack after infiltration into the central nervous system (CNS). However, recent studies demonstrate that changes in post-translational modifications (PTMs) of proteins occur prior to the onset of inflammatory events. Aberrant PTMs have been associated with disease progression 1-3 and may contribute to neural dysfunction. 4 Due to the difficulty in isolating and detecting individual PTM sites within complex biological preparations, limited progress in defining post-translationally modified proteins has been achieved in multiple sclerosis or its experimental autoimmune encephalomyelitis (EAE) rodent model. We have successfully applied the isobaric tags for relative and absolute quantification (iTRAQ) proteomics method 5 to an in vivo rodent model of multiple sclerosis to analyze the extent of PTM modulation in the EAE lumbar spinal cord.
One of the best characterized PTM changes in the CNS of multiple sclerosis patients targets the Lys-Ser-Pro repeat regions found in the C-terminus of the neurofilament heavy chain (NF-H), which become dephosphorylated in multiple sclerosis patients' CNS. 6-8 NF-H dephosphorylation is also found in the rat model of EAE. 9,10 Despite the correlation of NF-H dephosphorylation with axonal damage, it remains unclear which specific phosphorylation site(s) may be involved. In addition, enhanced levels of citrullination, which is the deimination of arginine, have been correlated immunohistologically with areas of increased myelin damage in affected brain tissue in EAE rats. 11 An independent study determined that glial fibrillary acidic protein was citrullinated in addition to several unidentified proteins, but the site(s) of citrullination were not identified. 12 It is also known that citrullination may antagonize arginine methylation, 13,14 defining arginine methylation as another PTM of potential interest that may also be modulated in multiple sclerosis. 15 A previous study identified several PTM sites within myelin basic protein (MBP) in multiple sclerosis or its EAE mouse model using a mass spectrometric method. 16 These authors determined that both methylation and citrullination of MBP were increased in the CNS of multiple sclerosis patients, while phosphorylation decreased. However, other proteins may have PTMs that become modulated as a result of disease. Use of a state-of-the-art proteomics approach such as the iTRAQ method 5 allows assessment of protein PTM events on a global scale, providing both quantification and site-specific information for each individual peptide. iTRAQ analysis is particularly suited to the study of PTM changes during EAE because (1) tandem mass spectrometry (MS/MS) can be used to identify PTMs, the site of modification, and the peptide that was modified, and (2) iTRAQ tagging allows semiquantitative assessment of the extent of formation of each PTM event as a result of disease.
In a recent study, we applied iTRAQ analysis to delineate the differential expression profiles of a large number of proteins extracted from rat lumbar spinal cords, with particular emphasis on proteins that play a role in neuroprotection, neurodegeneration, and neuroimmune interactions. 17 As an extension of this work, we now present analysis of the site-specific changes in protein methylation, citrullination, and phosphorylation that may have occurred during EAE.
Experimental Section
Sample Preparation, iTRAQ Labeling, and Analysis Two-month-old Lewis rats were immunized with MBP emulsified in complete Freund's adjuvant (CFA) or CFA containing vehicle according to Nicot et al. 18 Lumbar spinal cords, the region most affected by EAE, were harvested when EAE-induced rats showed hind limb paralysis. The iTRAQ labeling procedure was performed according to Liu et al. 17 For each of four individually prepared samples representing two control and two EAE tissue preparations, 90 μg of soluble extract from spinal tissue was subjected to the iTRAQ protocol that required sequential reduction, alkylation, trypsin digestion, and iTRAQ labeling. This sample labeling strategy allows the iTRAQ reporter ions at m/z 114 and 115 to report on two independent control experiments representing two individual animals, while the reporter ions at m/z 116 and 117 yielded data from two unique EAE animals, permitting relative quantification. After iTRAQ labeling, the four uniquely labeled samples were combined, and peptide species were fractionated using strong-cation-exchange chromatography followed by reversed-phase chromatography. 17 The eluate was analyzed on a 4700 proteomics analyzer tandem mass spectrometer (Applied Biosystems, ABI, Foster City, CA) in the positive ion mode using internal mass calibration with Glu-fibrinogen peptide and ACTH 18-39 as described. 19
Data Processing and Bioinformatics
To identify peptides, 13834 MS/MS spectra were analyzed using the GPS Explorer server software suite (ABI) to organize and submit data to the MASCOT search engine v. 1.9 (Matrix Science, London, U.K.). Potential matches were scored against the International Protein Index database v. 3.23 (IPI, http://www.ebi.ac.uk/IPI) for Rattus norvegicus proteins. For all analyses, the precursor mass error tolerance was set to 50 ppm, the MS/MS mass error tolerance was set to 0.3 Da, two missed cleavages were allowed, and iTRAQ labeling of peptide Ntermini as well as modification of cysteine with S-methylmethanethiosulfonate were set as fixed modifications. iTRAQ derivatization at lysine was set as a fixed modification except in the case of lysine methylation, where it was a variable modification. In all instances, iTRAQ labeling of tyrosines and oxidation of methionines were submitted as variable modifications. Parameters for individual PTM analyses were as follows: analysis of arginine methylation was performed separately from that of lysine methylation, and in each case the potential PTM modification was set as a variable modification. To identify phosphorylated peptides, phosphorylation at S, T, or Y was allowed as a variable modification. For citrullinated peptides, deimination of arginine was set as a variable modification.
From the list of peptide matches generated by GPS that had a confidence interval >80%, each PTM-containing peptide was further evaluated against any potential assignment of the same spectral data generated from the analogous non-PTM search, using in-house Perl scripts 19 that filtered out PTM peptide assignments that were inferior to the non-PTM assignments. From each list of PTM-containing peptides, individual MS/MS spectra were confirmed manually using the Data Explorer software suite (ABI), and their assignments are reported (Supporting Information (SI) Figure S1 ). Normalized iTRAQ ratios were calculated as described previously. 17
2-DE and Western Blotting Analysis of NF-H Phosphorylation
Neurofilaments were prepared as described. 20 Briefly, 20 mg of tissue was homogenized in 1 mL of a buffer composed of 1% Triton X-100, 0.5 M NaCl, 0.5 M sucrose, 5 mM KH 2 PO 4 , 10 mM MgCl 2 , 2 mM EGTA, 1 mM EDTA, and 0.1% protease inhibitor cocktail (Sigma), pH 7.0. This process was repeated until myelin was depleted. Neurofilaments were solubilized from the Triton-insoluble pellet by agitation for 1 h at room temperature in 10 mM Tris•HCl, 10 mM dithiothreitol (DTT), and 8 M urea, pH 7.0. Neurofilament preparations were desalted using the Ready-Prep kit (Bio-Rad, Hercules, CA), resuspended in 2-DE rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS), and adjusted to 200 ng in a total volume of 187 μL, using the Bradford method. 21 The yield of neurofilament proteins was confirmed by SDS-PAGE combined with Sypro Ruby staining. Isoelectric focusing 22 was performed on a Protean isoelectric focusing apparatus (Bio-Rad), using immobilized linear pH gradient (IPG) Readystrips (pH 3-10) according to the manufacturer's protocol, a procedure requiring subsequent reduction of the Readystrips with DTT followed by alkylation with iodoacetamide. Each IPG strip was trimmed to fit a minigel apparatus (BioRad) by removing ∼1.5 cm of material from the acidic pH end and ∼2.5 cm of material from the basic pH end and then electrophoresed on a 6% SDS-PAGE gel. For Western analysis, 23 the gels were blotted onto nitrocellulose membranes using a Protean II xi minigel transblot apparatus (Bio-Rad). The SMI32 antibody 24 (1:10000, Sternberger Monoclonals, Lutherville, MD) directed against dephosphorylated C-terminal epitopes within NF-H (DeNF-H) was used as the primary antibody, and HRP-conjugated goat anti-mouse IgG (1:10000, Upstate Scientific) was used as the secondary antibody. DeNF-H was visualized using the Western Lightning chemiluminescence kit (Perkin-Elmer, Boston, MA).
Results and Discussion

Lysine-Methylated Peptides
A total of 20 lysine-methylated peptides were detected in this study. Of the 10 found to undergo change in EAE (Table 1) , 3 demonstrated elevated dimethylation levels, including plastin-3 (1.8), elongation factor 1-α2 (1.4), and the R3H domain isoform 3 (1.2). In Figure 1A , the iTRAQ reporter region demonstrating the EAE-induced increase in lysine dimethylation of plastin-3 (442-449) at Lys444 is presented, along with the MS/MS spectrum allowing peptide identification and PTM assignment. Each assigned spectrum is included in SI Figure S1A -C. Interestingly, plastin-3 cross-links with actin to generate tight bundles of actin and is found in the CNS. 25 Although a role for this protein in the etiology of multiple sclerosis has not been postulated, it is notable that anti-plastin antibodies have been identified in Kawasaki disease, a heart/vascular disease of unknown origin that has autoimmune components. 26 Hypomethylation of specific proteins may be associated with multiple sclerosis. 14 Of the seven lysine-methylated peptides exhibiting reductions in methylation, three were identified as having one monomethylated lysine, including the "s" subunit of complement component 1 (0.79), the ρ-associated kinase, isoform 1 (0.77), and the peroxisome proliferator-activated receptor δ-subunit (PPAR-δ) (0.69). One hypomethylated peptide, the discs large homologue 7 protein (0.70), contained both one monomethylation and one dimethylation event. The three remaining peptides were identified as having one lysine dimethylation event: transcription initiation factor TFIID, subunit 5 (0.79), the early endosome antigen 1 (EEA1; 0.76), and phosphoglycerate mutase 2 (0.71). Assigned spectra are reported in SI Figure S1D -J. Notably, the reduction in lysine methylation of the "s" subunit of complement 1 is of great interest since this protease initiates formation of the membrane attack complex that is the hallmark of the classical complement pathway of immune response and inflammation. 27 Also, hypomethylation of PPAR-δ is noteworthy, since this transcription factor promotes oligodendrocyte survival and differentiation, 28,29 primarily through the induction of the neuronal cell adhesion molecule. 30 In the case of EEA1, antibodies to this vesicular trafficking protein have been identified in several neurological diseases. 31,32
Arginine-Methylated Peptides
Of the 11 peptides found to have methylated arginines, only 1 showed diminished methylation and 4 were found at enhanced levels as a result of EAE (Table 1) . Both a peptide from myosin 1E (3.9; Figure 1B ) and a peptide from the protein phosphatase 1 regulatory subunit 3D (1.5) were monomethylated at increased levels, while the nephrocystin 4 orthologue (1.5) was dimethylated. One dimethylated peptide (1748-1755) from the centrosome-associated protein 350 (CAP350; 0.57) demonstrated diminished dimethylation. Spectral assignments are reported in SI Figure S1K -O. Curiously, myosin 1E is a nonmuscle myosin associated with focal adhesions in B-lymphocytes, 33 and hypermethylation may potentially serve as a marker for lymphocyte activity. Nephrocystin, found within focal adhesion signaling complexes in cilia, 34 is primarily associated with the renal disease nephronophthisis, 35 while a subset of nephronophthisis patients also experience visual (retinitis pigmentosa) and neurological (tremor, ataxia) symptoms. 36 Nephrocystin has been found in mouse brain 37 and shown to be a component of the nuclear centrosome whose mutation leads to the neurological condition Joubert syndrome. 38 This is the first report identifying a nephrocystin component peptide in the rat brain. CAP350 is a centrosomal protein known to anchor the microtubular network that regulates cell shape and motility 39 and was found hypomethylated in this iTRAQ study. Curiously, PPAR-δ, which demonstrated reduced lysine methylation in EAE (Table 1) , is recruited to distinct nuclear locations by CAP350. 40 The biological link between CAP350 and PPAR-δ provides an intriguing clue as to how PTM changes could progressively affect the CNS in EAE.
Arginine-Citrullinated Peptides
Elevated citrullination has been associated with multiple sclerosis 16 and EAE. 11,12 A total of 21 peptides were found citrullinated ( Figure S1P -R in Supporting Information), but only 3 were affected by EAE ( Table 2 ). The peptide 217-223 of the Ser/Thr protein kinase RIO3, which is an atypical kinase involved in ribosome biogenesis, 41,42 had an elevated iTRAQ ratio of 2.2 ( Figure 1C) . Also, we identified enhanced citrullination at Arg27 of glial fibrillary acidic protein (GFAP), because the peptide 22-34 had an iTRAQ ratio of 1.3. This is the first site-specific assessment of the citrullination of GFAP, a protein known to be hypercitrullinated in the EAE model. 12 The only peptide registering diminished citrullination as a consequence of EAE is the peptide 504-516 of ribophorin 1 (0.74). Ribophorin is a subunit of an oligosaccharyltransferase required for correct glycosylation of nascent polypeptides. 43,44
Serine-Phosphorylated Peptides
Of the 12 phosphorylated peptides that were identified, 6 had iTRAQ ratios altered during EAE (Table 2) , and their spectra are reported in SI Figure S1S -X. The peptide 24-33 from the 60 kDa lysophospholipase (1.3) experienced increased phosphorylation of Ser24, an intriguing finding because Osoegawa et al. 45 reported that the lowered activity of this enzyme caused by a missense mutation may predict the severity of multiple sclerosis in a cohort of Japanese patients. We identified that Ser473 of neurofilament light subunit (NF-L) became dephosphorylated in EAE, from evaluation of the iTRAQ ratio of 0.67 for the peptide 464-482. As the major site of phosphorylation within the NF-L C-terminus, 46 Ser473 is the substrate of casein kinase II. 47
Four out of five peptides found to have diminished serine phosphorylation originated from NF-H, including the peptides 642-653 (or 582-593, 0.75, Figure 1D ), 756-765 (0.80), 750-761 (or 672-683, 0.77), and 875-886 (0.71). Although it was reported previously that NF-H phosphorylation is diminished in EAE 9,10 and multiple sclerosis, 6-8 these data represent the first report of site-specific changes in the extent of NF-H phosphorylation due to EAE. The four residues dephosphorylated during EAE are Ser648 (or Ser588), Ser756 (or Ser678), Ser762, and Ser880, all residing in the C-terminal Lys-Ser-Pro repeat region known to regulate axonal caliber. The human cognates of Ser648, Ser762, and Ser880 are present in human NF-H and are phosphorylated in healthy CNS, 48 as indicated by the sequence homology between rat and human sequences (SI Figure S2) . However, this is the first report documenting sitespecific changes in the phosphorylation of Lys-Ser-Pro repeats within NF-H as a result of EAE.
Western Blotting of NF-H Confirms Dephosphorylation
To confirm the validity of our experimental system and procedures, the phosphorylation state of NF-H was evaluated by 2D gel, followed by Western blotting (Figure 2 ), using the SMI-32 antibody known to interact specifically with nonphosphorylated epitopes in the Lys-Ser-Pro repeat region of NF-H. This antibody recognizes only the dephosphorylated form, DeNF-H, but does not recognize its highly phosphorylated cognate. Consistent with previous reports in the literature, DeNF-H was not detected in control samples (Figure 2A ), but was readily detected in EAE spinal cord ( Figure 2B ). DeNF-H was visualized in the EAE samples as a discrete region having a pI of ∼6.3 and a molecular weight of ∼190 kDa.
Conclusions
We have observed several alterations in PTMs during EAE in proteins that participate in regulation of neurons, glia, and immune cells. For the first time, EAE-induced citrullination of GFAP at Arg27 is reported. Additionally, dephosphorylation of discrete serine residues within NF-H was observed. Additional proteins were identified, having PTMs affected by EAE, and many of these merit further investigation, including plastin-3, nephrocystin, CAP350, and PPAR-δ. Several proteins that have been reported to undergo PTM changes in either EAE or multiple sclerosis were not detected in this iTRAQ analysis and may reflect the tendency, in iTRAQ experiments, to identify high-abundance proteins. Although outside of the present work, fractionation of the samples prior to iTRAQ analysis, including protein separation techniques, organelle isolation, and/or PTM-directed affinity capture prior to iTRAQ analysis, could enhance our ability to identify and quantify the levels of additional proteins whose PTM status is affected by EAE. Evaluation of NF-H dephosphorylation by Western blotting. Triton-insoluble neurofilament extracts were prepared from lumbar sections, according to the procedure described in the Experimental Section. Individual aliquots of each preparation were subjected to isoelectric focusing followed by electrophoresis on 6% SDS-PAGE gels. Western blotting using the SMI-32 IgG antibody specific for DeNF-H was used to evaluate the control (A) and EAE (B) tissues. 
